The analysis of fluids physicochemical properties, particularly the liquids viscosity, is important for the optimization of industrial processes and products. For that, several empirical and semi-empirical equations have been proposed in the literature to study the viscosity of pure liquids and binary liquid mixtures. In this context, Messaâdi et al. have recently proposed an equation correlating the two parameters of the viscosity Arrhenius-type equation, such as the activation energy (Ea) and the pre-exponential factor (As), for 75 pure solvents. This paper aims to extend their model to binary liquid mixtures. To achieve this purpose, statistical analysis is made using data sets from the literature of some solvent binary mixtures at different compositions and temperatures.
Introduction
Viscosity is one of the most important physicochemical properties of fluids useful for the design and optimization of industrial processes such as chemical and food industry, cosmetics and pharmaceuticals, etc., viscosity is important for hydraulic calculations of fluid transport and for energy transference computation 1−6 . Nevertheless, the theoretical description of viscosity is quite complex. For that, several equations have been proposed in the literature essentially following Eyring theory 1,2,7−11 . In addition, the excess thermodynamic functions (like the enthalpy of hydration) and the deviations of analogous nonthermodynamic functions (like the viscosity) of binary liquid mixtures are fundamental for understanding different types of intermolecular interactions in these mixtures.
Recently, several studies have tried to get more information about the internal structure of the binary liquid systems, particularly for binary mixtures composed of liquids having biological importance or promise 1,12−30 . Thus, based on previous works, we have extended the study of viscosity Arrhenius behavior along with a new parameter labeled Arrhenius temperature (TA) for some binary mixtures in different temperature ranges 12−14,23−28 . In addition, knowing that the activation energy is a thermodynamic magnitude, partial molar activation energies have been calculated in order to release eventual contribution of individual interaction for each pure component within the mixture composition. Hence, the new introduced parameter defined as the current Arrhenius temperature (TAi) which is related to each component (i), permits to estimate the pure components boiling point constituting the assumed binary liquid mixture 12,13,23−28 .
Also, in some earlier papers [14] [15] [16] [17] [18] [19] [20] 27, 28 , physicochemical excess properties are fitted to the reduced Redlich-Kister (R-K) equation and to the Herráez equation 1,20−21 . Furthermore, we have found that the Herráez exponential form converges strictly to 0.5, 1, 1.5 or 2 which are independent of temperature 1,2 and labeled Herráez universal exponent. In this context, we have compared these equations at different temperatures, and studied the effect of the use of different more or less parameters., Moreover, the reduced R-K function which is relative to the properties of thermodynamic physicochemical excess, equivalent to the apparent molar properties, turn out to be more sensitive than the purely excess properties to interactions, and hence tend to yield more information [14] [15] [16] [17] [18] [19] [20] [27] [28] .
Recently, an empirical equation has been proposed by Messaâdi et al. 42 for modeling the relationship between the two parameters of viscosity Arrhenius-type equation for some pure classical solvents, as knowing the Arrhenius energy (Ea) and the factor (lnAs). The current work aims to extend the validity of the model to binary liquid mixtures. To that end, statistical methods are applied using data sets from the literature of liquid mixtures at different compositions and temperature ranges 23−29 . This study is very useful for engineering data. Indeed, first, if the Messaâdi proposed equation is validated for binary liquid mixtures, the Arrhenius equation can be rewritten based on only one parameter instead of two ones and thus permits to simplify the engineering manipulations.
Second, it will be possible to estimate with good accuracy one nonavailable parameter if the second one is available. The advantages and benefits of such scheme are obvious to the computational aspects in a myriad of disciplines in engineering and science.
Note also that this study will open new interesting field of profitable investigations such as the study of specific groups or families of organic liquids solvents, which will be very useful in large domains of applied chemistry and engineering. It could also pave the way to investigate more accurate values of the equation's parameters when the natures of fluids are classified differently.
Literature review
Due to the complex aspect of fluids, several theoretical methods for estimating viscosity are proposed in the literature. Among these theories, we can cite the distribution function theory proposed by Kirkwood et al. 32 , the molecular dynamic approach reported by Cumming and Evans 33 and the reaction rate theory of Eyring 34−37 . In addition, the temperature dependence of the internal frictional coefficient of fluids is a complicated mathematical function; it is determined both by the thermal changes of the free volume and by thermodynamics of intermolecular interactions. So, the experimentalists express the temperature dependence of the dynamic viscosity by means of twoparameters frequently or more. Generally, empirical and semi-empirical methods provide reasonable results but they lack generality in approach, especially near or above the boiling temperature 30 . Hence, experimental data available in literature show that the liquid viscosity decreases with temperature in non-linear and concave fashion, and it is slightly dependent on low pressure.
Numerous expressions have been proposed for representing the liquid viscosity () us a function of temperature (T) through available experimental data for an interpolation purpose 38−59 . Varying between 2 and 5 constants by model, the most different forms of temperature-dependence of viscosity proposed previously in the context of the correlation' methods can be summarized in a global multi-constant equation as follow 31 :
where T is the absolute temperature and the rest of symbols are the models' parameters which at least, two are non-null for each previous equation and differ from one model to another.
Generally, we can classify the viscositytemperature dependence into two main families for liquid systems according to their linear or non linear behavior when we plot the logarithm of shear viscosity (ln) against the reciprocal of absolute temperature (1/T).
Also, some additional multi-constant equations (Eq. (1)) are proposed for fluids deviating strongly to the Arrhenius behavior. We can cite for instance the melting salts, glasses and metals, ionic liquids, heavy and vegetable oils, fuels and biofuels, etc. [30] [31] . Otherwise, for the non linear behavior, it is found that the temperature dependence of dynamic viscosity can be fitted frequently with the VogelFulcher-Tammann-type equation 31, [37] [38] [39] as following:
whereA0, E0 and T0 are constants.
In addition, for the linear behavior, it is found that the temperature dependence of dynamic viscosity can be fitted frequently with the Arrheniustype equation for numerous classic solvents, which can be rewritten in the logarithmic form:
Where R, Ea and As are the gas constant, the Arrhenius activation energy and the pre-exponential (entropic) factor of the Arrhenius equation for the liquid system respectively. Thus, the relationship between the logarithm of shear viscosity (lnand the reciprocal of absolute temperature (1/T) for numerous liquid systems is assumed to be linear. In addition, the Arrhenius parameters, which are the activation energy (Ea) and the pre-exponential factor (lnAs), are thus independent of temperature.
Based on graphical projections, Messaâdi et al. 31 determined these two main parameters i.e., the slope of the straight line is (Ea/R) and the intercept point is (lnAs). Also, they define and an additional third parameter (TA) called the Arrhenius temperature deduced from the intercept with the abscissa axis (Eq. (4)).
The viscosity-temperature dependence following the Eyring 5,30,34−37 form can thus be rewritten as following:
In addition, the Fig. 1 showing nonlinear strong correlation between the Arrhenius activation energy Ea (kJ·mol -1 ) and the Arrhenius temperature TA (K), permit us to conclude that probably the Arrhenius temperature (TA) and the activation energy (Ea) tend toward zero at the same time, and (TA) cannot exceed a certain limit value (TAlim) when takes infinite value. Indeed, it's clearly shown by the general trend and shape of ( 
where (T0 = 288.65 ± 4.38) K, (0 = 9.0208 ± 0.5370) and (0 = (37.49 ± 5.62)×10
3 ).
Note that the parameters (T0, 0 and 0) are calculated based on the overall mean's boiling temperatures of the binary solvents mixtures presented in Table 3 . Nevertheless, their values may differ slightly if they are calculated for specific families of solvents separately such as organic versus inorganic solvents, polar versus non-polar liquids, high versus low viscosity liquids, etc., which may enhance the precision during their engineering use.
Replacing the parameters' optimal values of (T0, 0 and 0) in Eq. (8) and Eq. (9), the two following equations become practical to deduce one of the two Arrhenius parameters if it is absent or unavailable using the second one.
Where the parameters (T0, 0 and 0) take into consideration the global average of the boiling temperatures of the studied set of solvents and can slightly deviate from the given values when the statistical investigation is restricted to specific families of solvents such as organic versus inorganic solvents, polar versus non-polar liquids, high versus low viscosity liquids, etc.
In instance, the two following practical equations can be used to deduce one of the two Arrhenius parameters if it is absent or non-available using the second one. 
Empirical validation for binary mixtures
Assuming the validity of the Messaâdi-Dhouibi equations, Eq. (8) and Eq. (9), modeling the relationship between the two parameters of viscosity Arrhenius-type equation for pure liquid, this paper aims to study and validate their eventual extension from pure to binary fluid mixtures. For that, we use 241 experimental data on viscosity for 13 binary liquid mixtures, over different temperature ranges at atmospheric pressure. From literature experimental studies of viscosity-temperature dependence in some binary fluid mixtures, and through linear regression using (Eq. (3)), Table 3 in Appendix section presents the calculated values of the entropic factor (lnAs)exp, the activation energy (Ea)exp, the Arrhenius activation temperature (T*= Ea /R) and the Arrhenius temperature (TA in (Eq. (4)), as defined by Messaâdi et al. 31 . Our study will be based on the analysis of the quality of approximation of the entropic factor (lnAs) and the activation energy (Ea) using the Messaâdi-Dhouibi equations and the new data set. Thus, we have estimated the entropic factor, (lnAs)est, by replacing the experimental activation energy (Ea)exp of binary liquid mixtures data in Eq. (9) . In addition, we have estimated the experimental activation energy (Ea)est by replacing the experimental entropic factor(lnAs)exp in Eq. (8) . Table 1 presents descriptive statistics on experimental and estimated values for both parameters. 60 where the null hypothesis assumes that the two samples are from populations with the same distribution and thus we can decide whether the corresponding data population distributions are identical (Table 2) . Results of the Wilcoxon Signed-Rank test lead to accept the null hypothesis for both parameters Ea and lnAs which confirms that statistically the experimental and the estimated distributions are significantly the same and proves the predictive power of Messaâdi equations for binary liquid mixtures in addition to pure liquids.
This result can be shown graphically based on Fig. 2 and Fig. 3 which compare the experimental versus the estimated values for both parameters. Indeed, Fig. 2 shows the experimental data of one parameter on x−axis with experimental and estimated values simultaneously of the second parameter on the y−axis. However, Fig. 3 shows the experimental values of the activation energy (Ea)exp and the entropic factor (lnAs)exp in direct comparison with the estimated values (Ea)exp and (lnAs)calc, respectively. Thus, based on these figures, we can we deduce that the gap between experimental and estimated values is indicating a slight discrepancy and confirms the good quality of approximation of the Messaâdi equations for binary liquid mixtures.
In addition, Fig. 4 shows the normalized estimation errors of both parameters. The figures confirm also the precedent result about the good quality of estimators. Indeed, it appears clearly that the normalized estimation errors are in close to zero for both parameters. 
Conclusion
Using the Messaâdi-Dhouibi equations, Eq. (7) and Eq. (8), which model the relationship between the two parameters of viscosity Arrhenius-type equation for some Newtonian pure liquids 42 , as knowing the entropic factor (lnAs) and the activation energy (Ea), the goal of the present work, was to test the quality of their approximation power for some Newtonian binary liquid mixtures. For that, a sample of 241 experimental data on viscosities for 13 binary liquid mixtures over different temperature ranges at atmospheric pressure is used to (lnAs) and (Ea) values using the Messaâdi-Dhouibi equations. Then, based on the result of a statistical test, as knowing the Wilcoxon Signed-Rank test, we found that the experimental and the estimated distributions are statistically and significantly the same which prove the good predictive power of Messaâdi-Dhouibi equations for binary liquid mixtures in addition to pure liquids.
This result is important in fluids engineering since the validation of the extended Messaâdi equation for binary liquid mixtures simplifies the estimation of viscous behavior and the ensuing calculations by reducing the number of viscosity equation parameters to become depending on only one parameter instead of two, which permit to simplify the engineering manipulations. In addition, it will be possible to estimate with good accuracy one nonavailable parameter if the second one is available. The advantages and benefits of such scheme are obvious to the computational aspects in a myriad of disciplines in engineering and science.
Note that the proposed equation presents good concordance also for low and moderate viscous fluids which have not got very high values of activation energy (5 <Ea< 60 kJ·mol −1 ) and not very low values of pre-experimental factor (− 25 <ln(As /Pa·s) <− 9).
We hope that this study will open new interesting field of profitable investigations such as the study of specific groups or families of organic liquids solvents (alcohols, ketones, amides etc.). It could also pave the way to estimate more accurate values of the proposed equation's parameters, when the natures of fluids are classified separately (high, moderate, low viscous liquids) or solvent characteristics (polar, non-polar etc.). Hence, each separated investigation can provide specific parameter values and it leads to more accurate specific ones with better statistical results, demonstrating how this model deserves validity. In the same way, this correlation can encourage theorists to combine or merge some previous distinct already available theories. In addition, we hope that it will be useful in large domains of applied chemistry and engineering.
Finally, note that an additional study on the eventual relationship between the Arrhenius parameters and the properties of great number liquid systems can prove how the method predicts the properties of other non-treated fluid systems. In order to tightly find the utility of the Arrhenius temperature and develop a means for estimating such quantities, more binary liquid mixtures will be studied against composition in future to give a more clear discussed protocol. 
